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HIGHLIGHTS 


►  Li1.2Mno.54Coo.13Nio.13O2  (LMO)  is  surface-coated  with  conducting  polypyrrole  (PPy). 

►  Coating  improves  the  initial  coulombic  efficiency  and  capacity  retention  of  LMO. 

►  SEI  layer  is  observed  and  its  composition  recognized  on  PPy-coated  LMO  at  4.8  V. 
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The  lithium-rich  solid  solutions  between  layer-structured  Li2M03  (M  =  Mn,  Zr,  Ti)  and  LiM'02 
(M'  =  Mn0.5Ni0.5,  Mno.33Coo.33Nio.33,  Co,  etc.)  are  attractive  cathode  materials  for  lithium  ion  batteries 
with  high  specific  energies.  However,  these  solid  solutions  suffer  from  low  coulombic  efficiency  due  to 
the  loss  of  oxygen  in  the  form  of  Li20  and  electrolyte  decomposition  at  high  potentials  in  the  initial  cycle 
and  poor  cyclability  due  to  decreased  number  of  sites  for  lithium  ion  insertion/extraction  in  the 
subsequent  cycles.  In  addition,  the  presence  of  a  solid  electrolyte  interphase  layer  on  these  solid  solutions 
is  still  in  argument.  In  this  work,  Li1.2Mno.54Coo.13Nio.13O2  (0.5Li2Mn03  0.5LiMno.33Cc>o.33Nio.3302)  is 
prepared  by  Pechini  method  and  coated  with  conducting  polypyrrole  (PPy).  The  physical  characterization 
(XRD,  SEM,  HRTEM,  FTIR)  and  electrochemical  evaluation  (EIS,  CV  and  galvanostatic  cycling)  demonstrate 
the  effectiveness  of  the  surface  modification  on  improving  the  electrochemical  performances  of  the  solid 
solution  and  the  presence  of  a  solid  electrolyte  interphase  layer  on  the  charged  PPy-modified  material. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  (LIBs)  are  attractive  rechargeable  batteries 
due  to  their  high  energy  density  [1].  However,  the  low  available 
specific  capacity  of  the  traditional  cathode  materials  such  as  LiCo02, 
LiMn204,  and  LiFeP04  is  becoming  a  bottleneck  to  the  increase 
of  the  energy  densities  of  the  LIBs  for  electric  vehicles  that  are 
expected  to  drive  300  miles  between  two  charges.  The  solid  solu¬ 
tions  of  layer-structured  Li2M03  (M  =  Mn,  Zr,  Ti)  and  LiM'02 
(M'  =  Mn0.5Ni0.5,  Mno.33Coo.33Nio.33,  Co,  etc.)  is  a  promising  alter¬ 
nate  cathode  material  for  high  energy  density  LIBs  because  they 
exhibit  much  higher  capacity  (>200  mAh  g_1)  as  well  as  lower  cost, 
higher  safety  and  thermal  stability  [2,3].  For  example,  layer- 
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structured  oxides  (l-z)Li[Lii/3Mn2/3]02*zLi[Mno.5^yNio.5-yCo2y]02 
(y  =  1/6,  and  0.25  <  z  <  0.75)  [4-6]  deliver  capacities  as  high  as 
250  mAh  g”1  when  charged  to  4.8  V.  However,  the  irreversible 
capacity  loss  of  these  oxides  is  high  in  the  initial  cycle  [7]  and  their 
cyclability  is  poor  because  the  lithium  is  extracted  in  the  form  of 
Li20  at  high  potentials.  That  is,  the  lithium  extraction  is  accompa¬ 
nied  with  the  elimination  of  oxygen  vacancies  during  the  first 
charge,  resulting  in  a  lowered  number  of  Li+  ion  insertion  sites  for 
the  subsequent  cycles.  Moreover,  the  poor  rate  performance  of 
these  materials  pushes  them  farther  away  from  commercialization 
due  to  the  low  electronic  conductivity  induced  by  the  insulating 
Li2Mn03  component  [8].  These  drawbacks  become  impediment  in 
their  applications  in  power-type  LIBs. 

Surface  modification  has  been  proved  an  effective  method  in 
reducing  the  irreversible  capacity  of  the  cathode  materials  in  the 
initial  cycle  by  suppressing  the  elimination  of  oxygen  ion  vacancies 
and  the  reaction  between  the  active  material  and  the  electrolyte  at 
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high  potentials.  A1P04  [7],  carbon  [8],  AI2O3  [9],  Al  [10],  A1F3  [11], 
Ti02  [12],  etc.  have  been  employed  as  coating  materials  for  surface 
modification  of  lithium-rich  cathode  materials  to  improve  their 
cyclability  and  thermal  stability  at  high  cutoff  charge  potentials. 
Recently,  the  high  conductivity  and  elasticity  of  poly  pyrrole  (PPy) 
were  explored  to  improve  the  rate  performance  and/or  cycling 
stability  of  low-conductivity  electrode  materials  such  as  Si  [13], 
C03O4  [14],  and  LiFeP04  [15].  Meanwhile,  PPy  was  also  used  to 
separate  the  electrolyte  from  the  highly  reactive  cathode  materials 
at  high  potentials  such  as  LiV308  [16],  LiMn204/LixV205  [17]  and 
LiMno.33Coo.33Nio.33O2  [18].  Flowever,  the  cutoff  charge  potentials  of 
all  these  materials  are  <4.6  V  vs.  Li+/Li.  The  impacts  of  PPy  coating 
on  the  electrochemical  performance  of  the  Li-rich  solid  solutions 
are  unknown. 

The  presence  of  solid  electrolyte  interphase  (SEI)  layer  has 
become  a  common  sense  on  the  anode  materials  discharged  below 
0.75  V  and  on  most  of  the  cathode  materials  charged  above  4.2  V  vs. 
Li+/Li.  However,  the  existence  and  composition  of  the  SEI  layer  on 
these  Li-rich  solid  solutions  are  still  unknown.  Liu  et  al.  [8]  claimed 
that  an  SEI  layer  is  formed  on  the  Li-rich  electrode  materials  when 
charged  to  4.8  V.  However,  they  did  not  provide  any  experimental 
evidence. 

In  this  study,  Li1.2Mno.54Coo.13Nio.13O2  was  prepared  and  cycled 
between  2.0  and  4.8  V  vs.  Li+/Li.  Its  initial  coulombic  efficiency  and 
cycling  stability  were  characterized  and  compared  before  and  after 
PPy  surface  modification.  Evidence  of  the  formation  of  the  SEI 
on  4.8  V  charged  Li1.2Mno.54Coo.13Nio.13O2  was  obtained  by  FTIR 
and  TEM. 

2.  Experimental 

Layer-structured  Li1.2Mno.54Coo.13Nio.13O2  was  synthesized  by  the 
Pechini  method.  Stoichiometric  amounts  (with  5%  excess  lithium)  of 
LiN03,  Ni(N03)2-6H20,  Co(N03)2-6H20  and  Mn(N03)2-4H20  were 
dissolved  in  de-ionized  water.  The  resulting  solution  was  added  into 
a  mixture  of  ethylene  glycol  and  citric  acid  (molar  ratio  1 :4).  The 
mixed  solution  was  evaporated  at  135  °C  for  6  h  during  continuous 
stirring.  The  dried  powder  was  at  first  calcined  at  300  °C  for  5  h  and 
then  calcined  at  800  °C  for  12  h  in  air  before  cooled  down  to  room 
temperature. 

PPy  surface  modification  (2.0  wt%)  was  carried  out  by  chemical 
oxidation  polymerization  method.  The  required  amount  of  pyrrole 
monomer  (AR,  99%),  toluene-4  solphomic  acid  sodium  salt  (CP,  98%) 
as  doping  agent  and  Li1.2Mno.54Coo.13Nio.13Cb  were  ultrasonically 
dispersed  in  de-ionized  water.  Then  the  aqueous  solution  of  FeCb 
(AR,  99%)  was  slowly  added  as  an  oxidizing  agent.  The  mixture  was 
then  magnetically  stirred  for  6  h  in  an  ice/water  bath  to  complete 
the  polymerization  reaction.  The  final  product  was  filtered,  washed 
with  de-ionized  water  for  several  times,  and  finally  dried  at  80  °C 
for  overnight. 

The  working  electrode  was  prepared  by  mixing  80  wt%  active 
materials,  10  wt%  carbon  black,  and  10  wt%  polyvinylidene  fluorides 
(PVDF)  and  vigorously  stirred  in  NMP  to  form  slurry.  The  slurry  was 
spread  on  an  Al  foil  and  dried  at  100  °C  in  vacuum  for  12  h.  Two- 
electrode  button  cells  (half  cells)  were  assembled  in  an  argon- 
filled  glove  box  using  fresh  lithium  foil  as  the  counter  electrode, 
1  M  LiPF6  dissolved  in  a  mixture  of  ethylene  carbonate  (EC)  and 
dimethyl  carbonate  (DMC)  (1:1  by  volume)  as  the  electrolyte,  and 
Celgard  2300  as  the  separator.  The  charge/discharge  measurements 
were  carried  out  on  a  Land  BT2000  battery  tester  (Wuhan,  China). 
Electrochemical  performances  were  evaluated  between  2.0  and 
4.8  V  at  12.5  mA  g-1  (~C/20).  Electrochemical  impedance  spec¬ 
troscopic  (EIS)  measurements  were  carried  out  between  5  mHz  and 
4  MHz  on  an  M6e  electrochemical  workstation  (Zennium, 
Germany).  Cyclic  voltammetry  was  carried  out  between  2.0  and 


4.8  V  at  0.1  mV  s  1  scanning  rate  on  an  automatic  battery  tester 
(Autolab,  PGSTAT128N). 

The  contents  of  Li,  Ni,  Mn,  Co  in  the  as-prepared  (AP-LMCN)  and 
PPy-coated  (PPy-LMCN)  Li1.2Mno.54Coo.13Nio.13O2  were  determined 
on  IRIS  Intrepid  II  (Thermo  Scientific,  America)  inductively  coupled 
plasma-atomic  emission  spectrometer  (ICP-AES).  The  crystalline 
structures  of  the  AP-LMCN  and  PPy-LMCN  were  analyzed  on  X’Pert 
Pro  MPD  X-ray  diffracter  (Philips,  Holland)  operated  at  40  kV.  The 
electrode  sheets  of  the  AP-LMCN  and  PPy-LMCN  were  rinsed  with 
DMC  to  remove  the  residual  electrolyte  after  the  half  cell  was  gal- 
vanostatically  charged  to  4.8  V  vs.  Li+/Li.  The  FTIR  spectra  of  these 
sheets  were  recorded  on  a  VERTEX  70  V  FTIR  spectrometer  (Bruker, 
Germany).  The  morphology  of  the  electrode  material  was  observed 
on  a  Hitachi  S-4800  scanning  electron  microscope.  To  investigate 
the  microstructure  of  the  material,  high-resolution  transmission 
electron  microscopy  (HRTEM;  JEOL  2010)  was  conducted. 

3.  Results  and  discussion 

Fig.  1  compares  the  XRD  patterns  of  the  AP-LMCN  and  PPy- 
LMCN.  Most  of  the  XRD  diffractions  of  both  materials  can  be 
indexed  to  the  a-NaFeCb  structure.  The  weak  superstructure  of  the 
(020)  and  (110)  diffractions  between  20  and  25°  (26)  belongs  to  the 
Li[Lii/3Mn2/3]02  structure  in  the  solid  solution  [19].  The  XRD 
pattern  of  the  PPy-LMCN  is  actually  identical  to  that  of  the  AP- 
LMCN.  No  significant  lattice  parameter  differences  could  be 
recognized  between  them.  These  indicate  that  the  AP-LMCN  is  pure 
and  no  other  impurities  were  formed  or  introduced  during  PPy 
coating. 

The  chemical  composition  of  the  AP-LMCN  and  PPy-LMCN  was 
analyzed  by  ICP-AES.  As  Table  1  shows,  the  experimental  compo¬ 
sition  of  the  AP-LMCN  was  in  good  agreement  with  the  nominal 
composition,  but  the  Li  content  in  the  PPy-LMCN  decreased  from 
1.210  to  1.156  during  PPy  coating.  This  is  attributed  to  the  weak 
corrosion  effect  of  the  acidic  hydrolyzed  FeC^  on  the  solid  solution. 
In  the  acidic  condition,  there  is  an  H+  <-►  Li+  ion  exchange  and 
dissolution  reaction  occurs  on  the  surface  of  the  material  [20]. 

LiM02  +  H+  -►  HM02  +  Li+  (1) 

where  M  =  Lio2Mno.54Coo.13Nio.13. 

The  morphologies  of  the  Li1.2Mno.54Coo.13Nio.13O2  before  and 
after  2.0  wt%  PPy  coating  were  shown  in  Fig.  2.  The  particle  size  of 
both  samples  is  small  and  uniform  ranging  between  100  and 
200  nm  (Fig.  2a  and  b).  The  surface  of  the  AP-LMCN  particle  is 
smooth.  PPy  coating  makes  the  surface  rough,  indicating  that  the 
PPy  covering  is  on  the  surface  of  Li1.2Mno.54Coo.13Nio.13O2  particles. 
The  distribution  of  the  PPy  coating  layer  on  the  surface  was 


Fig.  1.  X-ray  diffraction  patterns  of  (a)  the  as-prepared  and  (b)  the  PPy-coated 
Li1.2Mno.54Coo.13Nio.13O2. 
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Table  1 

The  real  contents  of  Li,  Ni,  Mn  and  Co  (normalized  to  the  Mn  content)  in  the 
precursor  of  as-prepared  and  PPy-coated  Li1.2Mno.54Coo.13Nio.13O2. 


Li 

Mn 

Co 

Ni 

Precursor  sample 

1.200 

0.540 

0.130 

0.130 

Fired  sample  (800  °C) 

1.210 

0.540 

0.130 

0.124 

PPy-coating  sample 

1.156 

0.540 

0.130 

0.124 

examined  by  energy  dispersion  spectroscopic  (EDS)  mapping  of 
nitrogen  (Fig.  2c  and  d).  It  can  be  inferred  that  the  PPy  distribution 
is  uniform  on  the  surface  of  Li1.2Mno.54Coo.13Nio.13O2. 

Fig.  3  displays  the  TEM  images  of  the  AP-LMCN  (Fig.  3a),  PPy- 
LMCN  (Fig.  3b  and  c)  and  that  of  the  4.8  V  charged  PPy-LMCN 
(Fig.  3d).  Bright  and  dark  zones  of  a  few  nanometers  wide  are 
observed  in  Fig.  3a.  These  bands  correspond  to  the  inter-planar 
spacing  of  the  (003)  plane  that  is  perpendicular  to  the  [001]hex-  In 
each  band,  there  are  fringes  with  a  space  width  of  4.7  A  The  edge  of 
the  PPy-LMCN  particle  is  covered  with  a  thin  layer  of  amorphous 
species.  In  contrast,  well-defined  fringe  patterns  are  observed  in 
the  inner  of  the  PPy-LMCN  particles  (Fig.  3b  and  c).  Based  on  the 
EDS  mapping  results,  this  amorphous  species  is  attributed  to  the 
PPy  coating  layer  on  the  Li1.2Mno.54Coo.13Nio.13O2  particles.  Contin¬ 
uous  and  uniform  coating  layer  is  not  formed  on  the  Li1.2Mno.54- 
Coo.13Nio.13O2  particle  because  the  coating  layer  by  the  chemical 
oxidation  polymerization  is  not  sufficiently  thick. 

When  the  PPy-LMCN  is  charged  to  4.8  V,  a  compact  and  uniform 
layer  of  amorphous  species  is  obtained  on  the  surface  of  the 
Li1.2Mno.54Coo.13Nio.13O2  particle.  Considering  the  rigidness  and 
electrochemical  inertness  of  the  PPy  coating  layer,  it  is  believed  that 
electrolyte  decomposition  occurs  and  its  products  deposit  to  fill  the 
discontinuous  points  of  the  PPy  coating  layer.  However,  the  fringes 
remain  clear  and  unchanged  until  the  edge  of  the  AP-LMCN 


particles  when  it  is  charged  to  4.8  V  (inset  of  Fig.  3d).  This  does  not 
agree  with  the  previous  report  in  which  the  SEI  layer  was  claimed 
to  exist  on  the  4.8  V  charged  material  without  showing  any 
evidence  [8]. 

Fig.  4  compares  the  FTIR  spectra  of  pure  PPy  and  the  PPy-LMCN 
charged  to  4.8  V.  As  the  positions  of  all  the  recognized  bands  are  far 
from  the  characteristic  bands  of  the  solvents  (EC  at  1477,  1394, 
1226, 1164, 1069,  970  cm"1  and  DMC  at  1757, 1456, 1276,  973,  915 
and  795  cm-1),  the  salt  LiPF6  of  the  electrolyte  and  the  PPy  coating 
layer,  these  observed  bands  are  attributed  to  the  decomposition 
products  of  the  electrolyte  rather  than  its  residuals.  Based  on 
previous  reports,  these  bands  are  assigned  to  the  C=0  stretch 
(1723,  1637  cm-1)  [21,22],  CH2  or  CH3  (1403,  1279,  1246,  880, 
841  cm-1)  [21,22],  C-0  stretch  (1183  cm-1)  [21,22],  C-O-C  stretch 
(1072  cm-1)  [21,22],  and  Li2C03  (1435  cm-1).  Therefore,  Li2C03  and 
R-0C02Li  are  supposed  to  be  the  main  components  of  the  depo¬ 
sition  layer  on  4.8  V  charged  PPy-LMCN,  very  similar  to  those  of  the 
SEI  layer  on  other  cathode  materials  at  the  charged  states  (LiCo02 
charged  to  4.5  V  or  over  [23],  for  example).  As  a  result,  the  SEI  layer 
on  the  charged  PPy-LMCN  are  expected  to  have  similar  electro¬ 
chemical  properties  to  that  on  those  charged  cathode  materials. 
Indeed,  the  formation  of  this  amorphous  layer  does  not  worsen  the 
subsequent  cycling  performance  of  the  material.  This  suggestion  is 
supported  with  the  following  electrochemical  impedance  spec¬ 
troscopic  (EIS)  characterization. 

Fig.  5  shows  the  voltage  profiles  in  the  first  cycle  of  the 
Li1.2Mno.54Coo.13Nio.13O2  before  and  after  surface  modification.  We 
noted  that  for  both  the  AP-LMCN  and  the  PPy-LMCN,  an  initial 
sloping  region  is  followed  by  a  plateau  region  at  ca.  4.5  V.  The  slope 
corresponds  to  the  oxidation  of  Ni2+  ->  Ni4+and  Co3+  -►  Co4+ 
while  the  plateau  was  usually  attributed  to  the  irreversible  loss  of 
oxygen  from  the  lattice  [24].  Armstrong  et  al.  [25]  believed  that  the 
high-potential  plateau  region  involves  the  loss  of  oxygen  from  the 


Fig.  2.  The  SEM  images  of  the  as-prepared  (a)  and  2.0  wt%  PPy-coated  (b  and  c)  Li1.2Mno.54Coo.13Nio.13O2.  (d)  Is  the  EDS  mapping  pattern  of  (c). 
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Fig.  3.  The  TEM  images  of  the  as-prepared  (a)  and  PPy-coated  (b  and  c)  Li1.2Mno.54Coo.13Nio.13O2-  (d)  Is  the  TEM  image  of  the  PPy-coated  Li1.2Mno.54Coo.13Nio.13O2  charged  to  4.8  V; 
the  inset  is  the  TEM  image  of  the  as-prepared  Li1.2Mno.54Coo.13Nio.13O2  charged  to  4.8  V. 


surface  in  the  form  of  U2O,  followed  by  cationic  and  anionic 
diffusions  to  produce  MO2  (M  =  transition  metal)  with  no  oxygen 
ion  vacancies  left  in  the  lattice.  Loss  of  oxygen  leads  to  the  activa¬ 
tion  of  oxidation  states  of  Mn  at  the  end  of  the  initial  charge. 

The  galvanostatic  cycling  further  shows  that  although  the  initial 
charge  capacity  of  PPy-LMCN  is  lower  than  that  of  the  AP-LMCN 


Wavenumber  (cm'1) 


Fig.  4.  FTIR  spectra  of  the  PPy  and  2.0  wt%  PPy-coated  Li1.2Mno.54Coo.13Nio.13O2  charged 
to  4.8  V. 


(301  vs.  347  mAh  g-1),  their  discharge  capacities  are  almost  the 
same  (267  mAh  g1  for  the  naked  and  273  mAh  g1  for  the  coated). 
Although  the  loss  of  lithium  ions  during  PPy  coating  (1.210  for  AP- 
LMCN  vs.  1.156  for  PPy-LMCN)  may  be  responsible  for  the  differ¬ 
ence  of  their  charge  capacities  ( ~  10-15  mAh  g_1),  the  main  reason 


Capacity  (mA  h/g) 

Fig.  5.  Comparison  of  the  first  charge-discharge  curves  of  Li1.2Mno.54Coo.13Nio.13O2 
before  and  after  surface  modification  with  PPy  between  2.0  and  4.8  V  at  a  current 
density  of  12.5  mA  g-1.  The  inset  is  for  their  cycling  performances  and  coulombic 
efficiencies. 
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for  the  capacity  difference  is  definitely  due  to  the  suppression  of 
electrolyte  oxidation  at  high  charge  potentials  (~ 30-35  mAh  g-1) 
because  the  PPy  layer  separates  the  active  material  from  the 
electrolyte.  It  is  understandable  that  the  discharge  capacity  of  the 
PPy-LMCN  is  slightly  lower  than  the  AP-LMCN  because  PPy  is 
electronically  conductive  but  insulating  to  the  Li+  ions.  The  pres¬ 
ence  of  PPy  does  not  facilitate  the  Li+  ion  transport  at  the  surface 
of  the  solid  solution,  resulting  in  polarization  of  the  cell  as 
shown  in  the  voltage  profiles  (Fig.  5).  Anyway,  surface  modification 
suppresses  the  electrolyte  decomposition  and  enhances  the 
initial  coulombic  efficiency  of  the  Li1.2Mno.54Coo.13Nio.13O2  cathode 
material. 

The  cycling  performances  of  the  AP-LMCN  and  the  PPy-LMCN 
are  compared  in  the  inset  of  Fig.  5.  It  is  noted  that  the  discharge 
capacities  of  both  samples  decrease  with  cycling.  As  the  coulombic 
efficiency  of  both  samples  increases  and  becomes  actually  the  same 
after  the  2nd  or  3rd  cycle,  the  PPy  coating  layer  are  believed  to  take 
its  function  of  suppressing  the  electrolyte  decomposition  only  in 
the  first  few  cycles.  Slight  electrolyte  decomposition  might  remain 
in  the  subsequent  cycles  because  the  coulombic  efficiency  does  not 
reach  100%  even  after  quite  a  number  of  cycles  as  the  cell  is  charged 
to  4.8  V.  Therefore,  the  improved  capacity  retention  of  the  PPy- 
LMCN  is  believed  to  be  related  to  the  suppression  of  the  elimina¬ 
tion  of  the  oxygen  vacancies  and  lithium  insertion  sites  in  the 
material.  In  addition,  the  discharge  capacity  of  the  PPy-LMCN 
increases  from  262  mAh  g-1  in  the  1st  cycle  to  280  mAh  g-1  in 
the  2nd  cycle.  This  can  be  attributed  to  the  insertion  of  some 
lithium  ions  into  the  Li+  vacancies  created  during  PPy  coating, 
when  some  Li+  ions  were  dissolved. 

Fig.  6  compares  the  cyclic  voltammograms  of  the  AP-LMCN  and 
PPy-LMCN  between  2.0  and  4.8  V  vs.  Li+/Li.  In  the  initial  sweep,  two 
oxidation  processes  occur  at  4.41  V  and  above  4.60  V,  respectively, 
in  the  AP-LMCN  (Fig.  6a).  The  4.41  V  peak  is  attributed  to  the 
lithium  extraction  from  the  Li1.2Mno.54Coo.13Nio.13O2  lattice  and  the 
concomitant  oxidation  of  the  Co  and  Ni  ions.  The  sharp  4.60  V  peak 


Fig.  6.  Cyclic  voltammograms  of  Li1.2Mno.54Coo.13Nio.13O2  before  (a)  and  after  (b)  PPy 
coating  between  2.0  and  4.8  V  at  0.1  mV  s-1. 


Fig.  7.  Comparison  of  the  electrochemical  impedance  spectra  of  the  as-prepared  (a) 
and  PPy-coated  (b)  Li1.2Mno.54Coo.13Nio.13O2  charged  to  4.8  V  vs.  Li+/Li. 

is  attributed  to  the  electrolyte  oxidation  as  well  as  the  removal  of 
Li20.  The  electrolyte  oxidation  is  significantly  suppressed  after  PPy 
coating  because  the  strong  and  sharp  oxidation  peak  disappears  in 
the  PPy-LMCN  (Fig.  6b).  This  agrees  with  the  improved  coulombic 
efficiency  of  the  surface  modified  sample  (Fig.  5)  and  confirms  the 
suppression  of  the  electrolyte  decomposition  on  the  PPy  layer.  It 
was  reported  [26]  that  the  reduction  of  Mn  will  be  activated  during 
the  process  of  oxygen  loss  in  the  first  cycle.  A  reduction  peak  is 
observed  at  3.0  V  in  all  the  three  reduction  segments  of  the  CV  of 
the  AP-LMCN,  corresponding  to  the  redox  of  Mn3+/Mn4+.  A  similar 
peak  is  not  observed  in  PPy-LMCN  until  the  3rd  cycle  (Fig.  6b).  This 
is  evidence  that  oxygen  release  is  suppressed  to  a  great  deal  after 
PPy  coating. 

Fig.  7  compares  the  Nyquist  plots  of  the  LMCN  before  and  after 
PPy  coating.  One  semicircle  plus  a  large  arc  are  observed  in  the  AP- 
LMCN  while  three  semicircles  are  contained  in  the  EISs  for  the  PPy- 
LMCN  in  the  frequency  region.  The  semicircle  for  the  AP-LMCN  can 
clearly  be  attributed  to  the  charge  transfer  within  the  LMCN, 
whereas  the  three  semicircles  for  the  PPy-LMCN  correspond  to  the 
lithium  diffusion  in  the  SEI  layer,  lithium  diffusion  in  the  PPy  layer, 
and  charge  transfer  resistance  (in  the  order  from  high  to  low 
frequency).  It  is  difficult  to  determine  if  the  large  arc  in  the  AP- 
LMCN  be  regarded  as  an  imperfect  semicircle  (corresponding  to 
lithium  diffusion  in  the  SEI  layer)  or  just  a  slope  (for  solid  state 
lithium  diffusion  into  the  layered  oxide  [27])  due  to  insufficiently 
low  frequency  of  the  EIS  device,  4  mHz.  However,  considering  the 
absence  of  the  SEI  layer  as  illustrated  in  the  TEM  (Fig.  3)  and  FTIR 
(Fig.  4),  we  prefer  to  take  the  arc  as  a  slope.  In  addition,  comparison 
of  the  mid-frequency  semicircle  of  the  PPy-LMCN  and  the  single 
semicircle  in  the  AP-LMCN  indicates  that  PPy  coating  lowers  the 
charge-transfer  resistance  of  the  material. 

4.  Conclusion 

Layer-structured  Li1.2Mno.54Coo.13Nio.13O2  solid  solution  has 
been  prepared  and  surface-modified  with  2.0  wt%  conducting 
polypyrrole.  It  is  found  that  PPy  coating  improves  the  initial 
coulombic  efficiency  and  the  cycling  stability  of  the  material  by 
suppressing  the  electrolyte  decomposition  and  oxygen  vacancy 
elimination  at  high  potentials.  In  addition,  the  presence  of  the  solid 
electrolyte  interphase  is  confirmed  on  the  PPy-coated  Lii.2Mn0.54- 
Coo.13Nio.13O2.  Li2C03  and  R-OC02Li  are  supposed  to  be  the  main 
components  of  the  SEI  layer  on  PPy-coated  Li1.2Mno.54Coo.13Nio.13O2. 
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